Abstract. Recent results obtained with energy density functional (EDF) based methods are presented, focused on the nuclear phenomenology. EDF approaches aim for an universal description of the nuclear phenomena over the nuclear chart. Achievements from large to small nuclear systems are depicted: equation of state of nuclear matter, heavy and light nuclei. Dynamical aspects such as nuclear excitations, decay and reactions are also presented. EDF methods are progressing towards an unified and systematic description of the rich variety of the nuclear phenomena such as quantum liquid and cluster states, or nuclear structure and reactions.
Introduction
Energy Density Functional (EDF) based methods have accomplished dramatic progress during last decades. Dealing with the many-body problem, EDF methods are rooted in the nuclear density functional theory, where the word theory should be emphasized. It allows for a global description of the various nuclear phenomena from first principles, following the Hohenberg-Kohn theorem and the Kohn-Sham approach applied to nuclear systems [1] [2] [3] . EDF methods provide an intuitive picture of the nucleus and can be applied to all nuclei along the periodic chart, which is relevant to extrapolate predictions far from stability. Over the last few years, further significant progress have been accomplished using EDF methods. The present report focuses on recent achievements accomplished in this area with respect to the nucleus' phenomenology. Encompassing the large variety of the nuclear phenomenon is especially challenging. Recent progress made by EDF are going along this path. It should be noted that technical developments are also of interest and will be mentioned in the conclusion.
Various nuclear phenomenon have to be described: the quantum liquid behavior of the nucleus as well as the clusters states are maybe the most prominent features in nuclei. The interplay with the nuclear equation of state for possible astrophysical applications is also of relevance. To get a global and unified picture of the nucleus, EDF methods seem therefore to be well adapted. The formalism of EDF shall not be recalled here, and can be found in many reviews [4, 5] . Schematically, these approaches rely on a density functional, which is mainly of Skyrme, Gogny or relativistic type. Given this functional, which typically encompasses a dozen of constants, the many body treatment is parameter free and only technical refinements are allowed in the many body framework. It should be noted that the EDF constants are usually determined by fitting nuclear masses or radii and therefore the EDF includes in this way effective many body correlations, as illustrated by the accurate prediction of many nuclear binding energies. These effective constants are rather a strength than a weakness of the method. It is however difficult to exactly know which correlations are included or not through this mechanism.
EDFs allow to investigate the nuclear phenomenon in a unified framework from very heavy systems to light ones: from neutron stars and infinite nuclear matter, through heavy nuclei to light ones. Recent progress allow to initiate such a global view of the nuclear landscape. Not only nuclear structure but also nuclear dynamics can be described, such as excited states, nuclear decay and reaction predictions.
Neutron star and infinite matter
Nuclear matter is not only a toy imagined by theoreticians. It shall exist in the Universe, namely in neutron stars [6, 7] . For instance the mass-radius prediction of such as star crucially depends on the nuclear Equation of State (EoS), and therefore on the EDF used. It can be shown that the nuclear incompressibility has an impact on this mass-radius relationship [6] .
This raises the question of which density of nuclear matter is probed by nucleus' observables: is it the saturation density ? Obviously not, since surface effects plays a role. More precisely, even in a heavy nucleus such as 208 Pb, two thirds of the nucleons are located in the surface of the nucleus, at a density below the saturation one. Consequently, the measurement of the compressibility mode in a nucleus (the Giant Monopole Resonance) constrains nuclear matter at a density below the saturation one. Such investigations are on their way [8] . The impact of subsaturation densities in EoS has also been noticed on other observables such as the neutron skin [9] .
Subsaturation densities are therefore playing a role in constraining the EoS. What happens if the density of the nuclear system drops to very low values ? A clue is given in [11] where the data obtained from heavy ion collision at 35 MeV per nucleon is well described by explicitly including clusterisation effects in the description. There are also indications that EDF methods naturally predict the transition from a quantum liquid system to a clusterised one when expanding it, that is diluting its density [12, 13] . Therefore clusterisation naturally occurs in low density nuclear matter and this effect is encoded into EDFs. This path will be further investigated below in finite light nuclei.
More generally the constraints from the nuclear matter allow to validate EDFs. It has been recently shown that among the 240 Skyrme EDFs, only a dozen pass the systematic test on validated ranges of incompressibility, symmetry energy, effective masses, or describing two solar masses neutrons stars through the EoS [10] . This work paves the way towards defining sound criteria to validate EDFs to be used in further calculations.
Heavy nuclei and quantum liquid
Going towards smaller nuclear systems than infinite matter, nuclei, especially heavy ones, are known to exhibit quantum liquid features. The large mean free path (m.f.p.) of nucleons is an essential feature of the nucleus. It has recently been described using Green functions formalism, in agreement with the data, exhibiting a m.f.p. of about 5 fm [14] . As discussed by Mottelson, the concept of independent particle motion is based on the fact that the orbits of individual nucleons are delocalised and reflects the shape and the radial dependence over the entire nucleus [15] . This is a typical quantum liquid behavior which is mostly visible through the large m.f.p. of the nucleons.
In the last decades, nuclear mass predictions using various EDFs hardly converged in their extrapolation far from stability [16] . Recent progress have been undertaken to estimate in a systematic way the errors (both statistical and systematic) associated to these functionals, allowing to predict 6900 ± 500 nuclei having Z<121 in the nuclear chart [17] . This result, combined with the systematic selection of the EDFs mentioned above [10] , paves the way to a sound delimitation of the nuclear landscape. It should be noted that EDFs have been recently designed to include data on deformed nuclei and/or nuclear excitation in the determination of their effective constants [18] .
EDFs not only quantitatively describe the behavior of the liquid drop but are also able to predict qualitative new effects in nuclei. In a recent achievement including relativistic, superfluid, deformation and continuum effects in the description of 42 Mg, an oblate neutron halo around a prolate neutron core was predicted [19] (Fig. 1) . This is a typical motivating result for experimentalists, looking for new effects. Nuclear shapes can also be analysed. Recent works have been devoted to the rotation of slightly triaxial shapes in 158 Er [20] . The prolate to oblate shape transition was also recently analysed in superheavy elements [21] and the good description of the data in 190 Os using a mixed EDF-Interacting Boson Model approach showed that the triaxial shape is between a rigid triaxial and a γ unstable shapes [22] . 
Light nuclei and clusters
Recent progress in EDF methods have been recently achieved to describe a important feature of lighter nuclei, namely the cluster states. This paves the way to a unified description of different nuclear states such as the quantum liquid and the cluster phenomena which coexist in nuclei. It should be noted that the following results are obtained with standard EDF approaches without any additional assumption on clusterisation. Indeed in nuclear matter at low density, EDF approaches naturally predict clusterisation as mentioned above [12, 13] . In finite rotating nuclei, clusterised states are predicted as a linear alpha chain in 16 O [23] (Fig. 2) or a ten alphas torus configuration in 40 Ca [24] . This introduces a new view of nuclear clustering: an hybrid phase between the quantum liquid one and the crystal phase [25] . This is understood from the ratio of the nucleon dispersion to the internucleon distance, the so-called localisation parameter. When this ratio is large, the nucleus behaves as a quantum liquid, as discussed above. When it is small, the system behaves as a crystal. Cluster states
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01009-p.3 are in between [26] . The localisation parameter allows to take into account finite size effects in nuclei whereas the quantality parameter discussed by Mottelson [15] is valid for infinite systems. Figure 3 displays the evolution of the localisation parameter as a function of the mass number, obtained both in a simple harmonic oscillator picture and with recent EDF calculations. Cluster states appear for a ratio close to one, which is for light nuclei. Heavy nuclei more behave as quantum liquid, and crystal nuclear states cannot occur in nuclei. It should be noted that such a quantum liquid-cluster-crystal transition can occur in the crust of neutron stars, which is a gravitationally constrained environment [6] . 16 O, 20 Ne, 24 Mg, 40 Ca, and 90 Zr, calculated for the microscopic self-consistent solutions obtained using the functional DD-ME2, are denoted by squares. Reprinted figure with permission from J. 
Nuclear dynamics
Nuclear excitations are also described by EDF approaches. During the last decades there have been a continuous improvement of the EDF based method to microscopically describe nuclear excitations: doubly magic nuclei in the 70's [27, 28] (with the so-called RPA), semi-magic nuclei in the 2000's [29] [30] [31] (by including pairing correlations) and a few years later the even-even nuclei of the nuclear chart (by including deformation) [32] [33] [34] . Over the last years further improvements have been performed. For instance both the first 2 + energies and their transition probabilities are well described in the deformed Mg isotopes using a beyond-mean-field model [35] .
Improvements have also been performed in the description of the nuclear dipole response, which is the benchmark of the collective nuclear excitations. A very good agreement with the data on 208 Pb is obtained using beyond RPA approaches [36, 37] , such as phonon coupling, which allow to also predict the width of the nuclear response: the standard RPA approach only takes into account 1particle-1hole correlations, whereas more sophisticated approaches deal in addition with 2particles-2holes states or phonon coupling effects. Soft modes are also investigated. The so-called soft dipole mode, located at low energy, exhibits a rather non-universal pattern: it depends on the considered nucleus and also on the energy area: the low energy tail of the giant dipole resonance does not exhibit a similar structure than at lower energies. Several state-of-the-art calculations [38, 39] show that the picture is more complicated than the simple pygmy picture of an oscillating neutron skin. It should be noted that this discussion has been trigerred by precise measurements obtained on the low energy part of the dipole response in stable nuclei [40] . There are also recent EDFs studies of the soft modes in other multipolarities: the low energy quadrupole collectivity has been studied in [41] whereas a soft non-collective monopole mode has been predicted in Ni isotopes [42] .
Recently is has been shown that the dipole polarisability (how the energy of the nucleus changes in an external field) is correlated to the dipole response, the neutron skin and the slope of the EoS symmetry energy [43, 44] . Several recent works also relate the neutron skin and the density dependence of the symmetry energy [45, 46] . Other works relate the (soft) dipole response to the density dependence of the symmetry energy [56] . There is therefore a "neutron-rich" triangular relation with three related quantities: i) the dipole response and the polarisability, ii) the density dependence of the symmetry energy of the equation of state and iii) the neutron skin. i) are measurable quantities, ii) should be carefully predicted for applications in neutrons stars for instance, and iii) is also predicted, although it recently started to become a direct measurable quantity with the recent PREX results [48] . There is therefore an intense activity around this "neutron-rich" triangle.
More exotic modes are also predicted by EDF based methods, in agreement with the data. Tidal waves are generated in a nucleus when its deformation increases with increasing angular momentum, keeping its angular frequency constant. This effect has been successfully described with the rotational data collected in 102 Pd [49] . Similarly, the anti-magnetic rotation has been evidenced in 105 Cd [50] . In such a mode, the angular momentum is generated by three loops of nucleonic currents, where two are anti-aligned. These results show the ability of EDF methods to predict complex and varied excited patterns, with a successful description of the data. More generally exotic excited modes are a rather dynamic and predictive sector in nuclear physics.
Turning to radioactive decays, recent results have been obtained in the weak decay sector. The tensor term of the nuclear interaction has been thoroughly discussed in the previous decade [51] . The tensor term is expected to have an important role in the beta decay because of its interplay between the neutron and proton orbits. Recent EDF-based predictions show that the tensor term is a crucial effect to accurately describe beta decay half lives on various neutron-rich doubly magic nuclei over the nuclear chart [52] (Fig. 4) . Also, the neutrinoless double beta decay requires nuclear matrix elements for deformed nuclei, which are now very precisely predicted by beyond-EDF methods, using projection techniques [53] . Finally, recent progress have been made in reaction mechanisms, directly described from nuclear structure EDF-based methods. This effort goes towards unified reaction models having the same input for the structure and reaction parts. For instance the two neutron transfer cross section from 11 Li is well described using Feynman diagrams from phonon coupling models together with superfluidity effects [54] . It should be noted that the magnitude of the cross sections is well reproduced, which is known to be a difficult task in two particle transfer calculations. Also time dependent EDF approaches allow to directly describe reactions mechanisms such as transfer one [55] , which is promising for the unification of structure and reaction approaches.
Conclusion
In summary EDF methods have released significant results over the last years, moving towards a global description of the rich variety of the nuclear phenomenon: interesting paths are drawn for an universal description of quantum liquid and cluster states, and also an universal description of reaction and structure mechanisms. Interesting links are studied in the EoS in relationship with nuclear observables. The EDF reliability has been improved, allowing to draw the limits of the nuclear landscape. Accurate descriptions of exotic excitations, and of weak decay mechanisms are also available.
Technical terms have been avoided as much as possible is this report in order to focus on the nucleus' phenomenology. Technical improvements are of major importance because they are feeding the above mentioned achievements. One could mention for instance density matrix expansion in the density functional theory framework [56] , projection techniques [57] or the treatment of three body effects [58, 59] . They shall provide a new generation of EDF-models in order to further understand the rich nuclear phenomenology.
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